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ABSTRACT 
 Composite material usage in primary load bearing 
structures has continued to expand in aerospace, auto and wind 
energy industries. Large composite part thicknesses in some 
load bearing applications lead to defects during manufacturing. 
Typically, these defects are in the form of fiber waves, voids 
and delaminations. It is well known in the composite literature 
that composite compressive strength is a strong function of 
fiber alignment, and fiber waviness can cause failure due to 
fiber microbuckling and kinking or failure by splitting at the 
fiber/resin interface. A detailed micromechanical analysis of 
these wavy defects is needed to estimate the strength reductions 
due to presence of wavy defects in thick uni-directional (UD) 
laminates. 
 For example, real composite part thicknesses in 
industrial applications are in the range of 40 mm-60 mm while 
individual fiber and resin layers are only a few microns in 
thickness. Hence, micromechanics finite element (FE) models 
involving individual layers require an enormous number of 
elements, which, in addition, scales poorly with the part 
thickness. Earlier studies on the effect of fiber waviness have 
focused on simplified homogenized models to study the effect 
of fiber waviness. However, such models cannot resolve local 
details such as inter-layer stresses that initiate resin yielding.  
In the present work, two modeling approaches are 
investigated – (i) a micromechanics approach in which 
individual fiber and resin layers are explicitly modeled, and (ii) 
a tow-level approach in which the fiber and resin properties are 
homogenized to generate effective properties of a tow. It is 
demonstrated that the two approaches lead to identical 
predictions of peak load for identical coupon dimensions. It is 
also shown that the peak compressive load plateaus beyond a 
certain value of coupon thickness. This information enables the 
modeling and testing of an actual thick part using a coupon of 
greatly reduced thickness and hence smaller number of 
elements in the computational model without compromising on 
the details afforded by a micromechanical model. 
 
1. INTRODUCTION 
 The composite material usage in primary load bearing 
structures has led to increasing thickness of the fabricated 
composite parts. The manufacturing of thicker composite parts 
can lead to the introduction of defects during the resin infusion 
and curing process. Typical defects like fiber waviness, voids 
and delaminations are observed in such components. 
Understanding the compressive strength limits of UD 
composites and their dependency on the defect size is critical 
from the perspective of structural design [1-4].  
Micromechanical modeling of composite parts to predict 
compressive strength of a thick UD composite material is 
challenging due to the computational cost of modeling 
individual fibers and matrix layers.  
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Waviness can be induced in the fiber during the layup 
and resin infusion process or during the curing process due to 
thermal mismatch between laminate and the mold surface. 
Typically, fiber waviness will lead to local shear yielding of the 
matrix layers adjacent to the wavy fibers, which causes fiber 
microbuckling and kink-band type of failure. Another mode of 
failure observed under compression is by splitting at the fiber-
matrix interface [2,3].  
 Previous work in the literature related to 
understanding the impact of fiber waviness [1,4] is based on 
homogenized laminate theory. There is no systematic study of 
how compressive response is correlated to entire fiber waves 
created due to lay-up processes, temperature and thermal 
mismatch effects.  Further, due to the semi-analytical approach 
used in previous papers the explicit location of defects in the 
thickness and the wave aspect ratio cannot be studied in detail 
as is possible through a micromechanical finite element (FE) 
model. However, the computational cost of building individual 
fiber/resin finite element layers and solving the resultant set of 
algebraic equations is an impediment to developing 
micromechanical FE compressive strength models. The focus 
of this paper is to show the scaling prevalent in the 
micromechanical modeling of a UD composite with a fiber 
wave for predicting its compressive strength. Further, this 
information will be used to build and predict compressive 
strength of thick wavy UD composites using a wavy model 
with a scaled down thickness. 
1.1 LITERATURE  
 In the present section, some of the studies pertaining 
to thickness effect on compressive strength are reviewed. This 
provides the background to highlight the key differences 
between past studies and the present work. In [7], the authors 
have studied the thickness effect on compressive strength of 
notched carbon fiber-epoxy composites. However, this study 
includes different ply orientations, stacking sequences and 
notch sizes along with varying the number of plies (constant 
laminate thickness). Hence, the thickness effect is not studied 
in isolation and the mechanism governing the compressive 
strength is fracture-dominated. In [6], the authors study the 
effect of laminate thickness on the compressive behavior of 
carbon fiber-epoxy uni- and multi-directional composites using 
different stacking sequences and a 3 mm diameter hole in the 
center. They report that fiber waviness and void content are the 
main parameters contributing to the thickness effect on the 
compressive failure strength. However, the fiber waviness is 
not examined in a controlled manner in their work because 
other failure modes such as delamination, fiber splitting, matrix 
cracks and global Euler buckling are simultaneously present. 
As with other studies on this topic, the fiber waviness is 
characterized by a small, local misalignment angle. Further, 
they mention that the variations of compressive failure stress 
with thickness are affected by end brooming failure as a 
dominant failure mode with increasing thicknesses. Other 
parameters affecting the compressive strength investigated in 
[6] include fiber volume fraction, void content, fiber diameter 
and free edge effects creating interlaminar stresses. 
 The number of experimental studies [5,8-11] on the 
thickness effects on compressive strength is rather limited. This 
is primarily due to the fact that problems related with testing, 
such as increased chances of premature failure due to end 
crushing [9], are exacerbated with thicker composites. In spite 
of such difficulties, test results [5,9,11] have revealed the 
tendency that the failure strength decreases with increasing 
thickness of composite laminates. Hence, there is a definite 
need to develop reliable models that capture this thickness 
scaling trend while incorporating fiber waviness as the sole 
failure mode. This can lead to computational as well as 
experimental benefits in predicting compressive response of 
thick composites using scaled, thin coupon finite element and 
test geometries. 
1.2 CONTRIBUTIONS AND ORGANIZATION 
 This paper focuses primarily on extracting a thickness 
scaling effect in the compressive response of unnotched glass 
fiber-epoxy composites while including initial fiber waviness 
and subsequent kink-banding as the sole failure mode. This is 
performed using a dual scale approach - (i) a micromechanics 
approach of explicitly modeling individual fiber and resin 
layers, and  (ii) a tow-level approach which homogenizes fiber 
and resin properties to derive effective properties for the tow 
layer. It is demonstrated that the two approaches lead to 
identical predictions of peak load for identical coupon 
dimensions. Next, it is shown that the peak compressive load 
plateaus beyond a certain value of coupon thickness. This 
information enables the modeling and testing of an actual thick 
composite part using a coupon of greatly reduced thickness and 
hence smaller number of elements in the computational model 
without compromising on the details afforded by a 
micromechanical model. 
 This paper is organized as follows. In Section 2, the 
form of fiber waves often encountered in thick composite parts 
using glass fiber-epoxy composites is introduced. 
Parameterization of the wavy coupons in terms of the defect 
wavelength and height, and coupon thickness enables the study 
of compressive response as a function of a discrete set of non-
dimensional variables. Next, the micromechanical and tow FE 
models are discussed. The results are presented and discussed 
in Section 3, and the key conclusions are summarized in 
Section 4. 
2 WAVE DEFECTS IN UNIDIRECTIONAL 
COMPOSITE MATERIALS 
 To enable a controlled study on fiber wave induced 
compressive failure in this work, the fiber wave has been 
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characterized by the fiber wave length (L) and height (a), along 
with the coupon thickness (tc) (Figure 1), with the fiber waves 





Figure 1. Schematic of a coupon with a fiber wave 
The overall coupon length was chosen appropriately - short 
enough that global Euler buckling would be avoided and long 
enough that the ends did not affect the stress state near the 
wavy region. In all analyses and testing carried out, it was 
verified that the Euler critical buckling load was much higher 
than the peak stress obtained for the corresponding case thus 
eliminating global buckling as a failure mode. 
























Figure 2. Normalized stress vs strain for pure resin 
In this approach, a scaled down model of the composite with 
alternating layers of fiber and resin was created. The resin 
layers were epoxy (Figure 2) and modeled with elastic-plastic 
material properties (taken from [12] and independently tested 
through neat resin samples) and the glass fiber was modeled 
using linearly elastic properties [13]. 
 
resinfiber resin insert  
Figure 3. Micromechanical model geometry 
 
Figure 4. FE micromechanical model with coupled end face 
constraints 
 
 A parametric FE micromechanical model (Figure 3 
and Figure 4) was developed in ANSYS® to model 
compression on a two-dimensional coupon with a given surface 
defect and coupon thickness. The required geometric inputs 
and material parameters are read in to generate the model 
through ANSYS® scripts.  
 
 The surface and interior defect waves are generated 
using a combination of a cosine function and a circular fillet 
that smoothly transitions the cosine curve to the straight portion 
of the coupon. Propagating the surface wave towards the root 
defect along directions obtained using the surface and root 
defect waves generates the intermediate layers. It is worth 
noting that the intermediate layers will be of uniform thickness 
only for the case when this propagation direction coincides 
with the normal at each point on the cosine curves (of the 
surface and root defects). For any other direction of 
propagation, the layers will have non-uniform thicknesses. In 
order to address issue, the intermediate layers are generated as 
follows. First, the centroidal line of a fictitious tow comprised 
of one fiber layer with half a layer of resin on either side is 
propagated by the aforementioned approach. Next, fiber areas 
of uniform thickness are generated about each centroidal line. 
Finally, the remaining areas surrounding the fibers are filled 
with resin. This approach ensures that the fiber layers are of 
uniform thickness and all non-uniformity is distributed in the 
resin layers thus mimicking a practical fabrication process. 
 
 Here, a practical issue resulting from the use of fillets 
in the geometry is addressed. The user input wave heights (of 
surface and interior waves) are lowered because of fillet 
insertion at ends of the wave geometries. Further, the defect 
location through the thickness as well as the coupon thickness 
are modified because of the discreteness of the number of fiber 
and matrix layers. The input wavelengths (of surface and 
interior waves) remain unchanged. In order to correct for these 
modifications to the desired inputs, an inverse geometry 
calculation is performed over a design space to find the right 
required input geometry values that will generate the desired 
user-input geometries. The user-input geometry is set as the 
target with respect to which the cost of deviating is minimized. 
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This results in generating a model whose dimensions best 
match the user-input geometry.  
 
 A nonlinear, large deformation analysis is carried out 
using displacement controlled axial compressive loading 
applied to the end faces, each of which is coupled to a multi-
point constraint (MPC) node. The peak load is captured as a 
nodal reaction load at the point of unloading, representing a 
fiber microbuckling instability. The post peak analysis is not 
continued, as the interest is to capture the first point of failure. 
2.2 TOW MODEL 
 The tow-level model is one in which the fiber and 
resin properties are homogenized to generate effective 
properties of a tow layer (Figure 5).  
fibertow resin  
Figure 5. Schematic cross-section of a tow layer embedded 
in resin 
Comparing identical coupon and wave geometries modeled 
with a tow model vs. a micromechanics model (Section 2.1) 
leads to the following modifications:  
(i) The tow has linearly elastic properties obtained 
from homogenizing the linearly elastic moduli of 
the fiber and resin. 
(ii) The thickness of the tow, which is several times 
the fiber thickness, is computed by ensuring that 
the overall fiber volume fraction remains the same 
between both modeling approaches. One 
important consequence of this modification is that 
the effective resin thickness that can be plastically 
deformed reduces when compared to the 
micromechanics model. In general, this results in 
higher coupon peak compressive response than a 
micromechanics model of identical coupon and 
wave geometries. 
(iii) The material properties for the tow have to be 
specified using local element coordinates because 
the homogenization creates a material 
directionality to the tow layer.  
 Thus, the tow model enables a reduced computational 
cost arising from discretization, model size and analysis time. 
However, this computational advantage also results in the loss 
of some stress state detail within the tow (i.e., in the individual 
fibers and resin comprising the tow) as well as the overhead of 
maintaining local element coordinates to specify material 
properties for the tow. The material properties of the tow layer 
as well as the creation of the FE model including the local 
element coordinates are shown in Figure 6 and Figure 7. 
 
 
resin tow  




Figure 7. View of elemental coordinate systems in the FE 
tow-level model of the coupon 
3 RESULTS AND DISCUSSION 
The micromechanical model was evaluated against a 
physical coupon test and the tow model for peak compressive 
coupon response. The parameterized micromechanical model 
was run for different coupon thicknesses while maintaining the 
other non-dimensional geometric parameters, i.e., the wave 
aspect ratio (aR = L/a) and the wave height as a percentage of 
the thickness (wH = a/tc), constant. Figure 8, Figure 9 and 
Figure 10 show the kink-band formation through the first 
principal total mechanical strain in the resin, fiber and resin 
insert parts of the coupon respectively, at the point of peak 
response. The peak compressive response is compared between 
the micromechanics analyses and the physical test in Figure 11. 
A tapering plateau effect of the compressive response with 
respect to coupon thickness is immediately apparent from the 
micromechanical analysis. The fluctuations in micromechanical 
peak stress with respect to thicknesses less than 4 mm are not 
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considered to be significant. However, the overall trend of peak 
stress tapering to a plateau with increasing coupon thickness 
still remains. Further, beyond around 6 mm of coupon 
thickness, the micromechanics results are in excellent 
agreement with the tests (performed on a coupon 20 mm thick).  
The test coupons were made from a panel and the wave defect 
height and other parameters were measured at five different 
locations for each panel. The variability in the various defect 
geometric parameters leads to variability in the failure strength 
of the composites. Another component adding to variability in 
the failure strength of tested coupons is the material property 
variation of the resin. The good agreement between the 
micromechanical kink-band model and the experimental test 
indicates that the first peak stress is largely governed by kink-
band formation as the failure mechanism. 
 
The trend of mildly decreasing peak stress with respect to 
coupon thickness has been reported in [6] by testing carbon 
fiber-epoxy composites. However, the authors in [6] mention 
that the variations of compressive failure stress with thickness 
are affected by brooming failure as a dominant failure mode 
with increasing thicknesses. Other issues confounding a clear 
picture of this variation in [6] are brittleness caused by ageing 




Figure 8. First principal total mechanical strain in the resin 





Figure 9. First principal total mechanical strain in the fiber 





Figure 10. First principal total mechanical strain in the 
resin insert at peak response for a defect geometry with aR 





























Figure 11. Comparison of micromechanics with physical 
test for a defect geometry with aR =37. Stresses are 



























Figure 12. Comparison of micromechanics with tow model 
for a defect geometry with aR =17.46. Stresses are 
normalized with respect to the tow peak stress 
 Next, the micromechanical model was evaluated 
against the tow model for a specific wave geometry. The peak 
compressive response for increasing coupon thicknesses in the 
micromechanics model was compared (Figure 12) with the tow 
model results for a 20 mm thick coupon. As discussed 
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the tow model upper-bounds the converged (with respect to 
coupon thickness) micromechanics response. This brings to 
attention that the strain levels in the resin within the tow reach 
yield values, which are not captured by the homogenized, 
linearly elastic tow material properties. It provides further 
support to the fact that the micromechanics model affords a 
level of detail that is both necessary and sufficient - necessary 
because of the results in Figure 12, and sufficient because of 
the good agreement with the coupon test in Figure 11.  
 Further, the micromechanical model was compared 
with the tow model for different wave geometries for a fixed 
wave height (Figure 13). It is evident that a 6 mm thick 
micromechanics model sufficiently captures the compressive 
peak response as provided by a 20 mm thick tow model for a 






















Figure 13. Comparison of micromechanics with tow model 
for varying fiber wave geometries. Each entry is the ratio of 
the peak stress in a 6 mm thick micromechanics coupon 






















Figure 14. Micromechanics thickness scaling results for a 
severe defect geometry with aR =8. Stresses are normalized 
with respect to the peak stress corresponding to tc=20 mm 
 Finally, the thickness variation in the micromechanics 
model is explored in the case of severe defect geometry with 
steep fiber waves (Figure 14). The conclusions from Figure 11 
and Figure 12 on the thickness variation of the compressive 
response remain applicable to this case too, and a tapering 
trend of the compressive response with respect to coupon 
thickness is observed once again.  
4 CONCLUSIONS 
The compressive peak response of a coupon with fiber 
waviness was studied for different wave geometries and 
coupon thicknesses. Two modeling approaches were explored - 
(i) a micromechanics approach in which individual fiber and 
resin layers are explicitly modeled, and (ii) a tow-level 
approach in which the fiber and resin properties are 
homogenized to generate effective properties of a tow which is 
comprised of a fibers and resin. The following conclusions are 
in order. 
• The micromechanics model is in excellent 
agreement with the coupon test confirming that 
first failure is kink-band dominated. 
• The tow model provides an upper-bound to the 
peak compressive response generated from the  
micromechanics model. It is hypothesized that 
this is caused by the tow properties being elastic 
whereas the micromechanics includes the 
complete elastic-plastic detail of the resin within 
the tow thereby capturing the material behavior 
more accurately. 
• In both the above comparisons, the peak 
compressive response from the micromechanics 
model is studied for increasing coupon 
thicknesses and a tapering trend converging to a 
plateau value was observed.  
• A 6 mm thick micromechanics model is able to 
capture the peak compressive response of a 20 
mm thick tow model for a variety of fiber wave 
geometries, thereby lending support to the fact 
that an appropriately scaled micromechanics 
model is capable of capturing bulk response for 
thick geometries accurately, while simultaneously 
including individual fiber and resin detail.  
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